Introduction
Aerobic incubation of mammalian or avian spermatozoa is typi¬ cally associated with a deterioration of motility and metabolic function (review by Mann and Lutwak-Mann, 1981) . Jones and Mann (1973) (Jones and Mann, 1976, 1977a, b) . Motility loss due to fatty acid peroxides has also been noted in spermatozoa of boars, rats, stallions (Jones and Mann, 1977a) , humans (Jones and Mann, 1977a;  Jones et al, 1979; Diezel et al, 1980) , rabbits (Jones and Mann, 1977a; Alvarez and Storey, 1982) , bulls (Jones and Mann, 1977a; Slaweta et al, 1988) , roosters (Fujihara and Howarth, 1978) and mice (Alvarez and Storey, 1984b) . Severe plasma membrane damage has also been ascribed to peroxidation of membrane lipids in rabbit (Alvarez and Storey, 1984a) rooster (Fujihara and Koga, 1984) and bull (Slaweta et al, 1988) spermatozoa. Exposure to peroxidized lipids has been associ¬ ated with a decline in the fertilizing capacity of rooster spermatozoa, even at concentrations that are too low to impair motility (Wishart, 1984) . Increased production of free radicals by human spermatozoa has been linked to decreased ability to penetrate oocytes, and peroxidation has been proposed as a likely mechanism (Aitken and Clarkson, 1987) .
In light of the observation that peroxidation and free radical production are most active in damaged or less motile spermato¬ zoa (Jones and Mann, 1973, 1977b; Jones et al, 1978 Jones et al, , 1979  Aitken and Clarkson, 1988; Slaweta et al, 1988) , it seems likely that peroxidation is a factor in the toxic effects that such spermatozoa have been shown to exert on healthier spermato¬ zoa (Shannon, 1965; Shannon and Curson, 1972; Sexton, 1988) . This contention and the role proposed for lipid peroxides in sperm senescence by Jones and Mann (1973) suggests that man¬ agement of peroxidation is an important consideration when preparing spermatozoa for long term storage.
The hydroxyalkenals are among the most plentiful (Esterbauer et al, 1982) (Benedetti et al, 1977 (Benedetti et al, , 1979 Roders et al, 1978) , for instance, leads to motility loss and impaired acrosomal function. Inhibition of adenylyl cyclase (Paradisi et al, 1985) prevents synthesis of cyclic AMP, which plays an important role in flagellar motility (Mann and Lutwak-Mann, 1981) . The reactivity of aldehydic peroxides with the free sulfhydryl groups of tubulin (Gabriel et al, 1983 (Gabriel et al, ,1985 suggests that the axoneme is directly inhibited, via its microtubular components. Even if motility were maintained, and fertilization unimpaired by acrosomal lysis or inhibition of acrosomal enzymes, the spermatozoa could still be rendered ineffective by the direct effects of hydroxyalkenals on the genome (Brambilla et al, 1986; Griffin and Segall, 1986; Winter et al, 1986) .
One of the most plentiful (Benedetti et al, 1980; Poli et al, 1985) and cytotoxic (Cadenas et al, 1983) hydroxyalkenals is (£)-4-hydroxy-2-nonenal (HNE) . The presence of HNE has been demonstrated in human semen, as has its ability to abolish motility in human spermatozoa (Selley et al, 1991 (Umbreit et al, 1959) containing 0.1% glucose (KRPG Vishwanath et al (1986) . Sperm mem¬ branes were extracted by pipetting a 100 µ aliquot of sperm suspension (1 x 108ml-1) into 0.9 ml of demembranation medium, consisting of 25 mmol potassium glutamate 1_1, 0.2 mol sucrose 1~, 1 mmol MgS04 1~\ 2 mmol dithiothreitol 1, lmmol EGTA l"1, and 0.025% (w/v) Triton X-100. Spermatozoa were gently agitated for 15 s, and diluted tenfold into a reactivation medium, which had the same composition as the demembranation medium except that Triton X-100 was replaced by 50 pmol cAMP l"1 and 1 mmol ATP I-1. Soybean trypsin inhibitor (40 µg ml-1) was added to the reactivation medium to reduce ultrastructural damage to sperm models by the 1 8 spermatozoa ml . The spermatozoa were then incu¬ bated at 30°C with HNE (0, 100 or 200 pmol 1). Immediately, and at 1, 2 and 3 h after the addition of HNE, a 1 ml aliquot of sperm suspension was deproteinized with 1 ml 0.3 M Ba(OH)2 and 1 ml 5% (w/v) ZnS04-7H20. The (1974) and Gutman and Wahlefeld (1974 (Froman et al, 1984 (Froman et al, , 1987 . The activity of such enzymes in spermatozoa is restricted to the acrosome (Yanagimachi and Teichman, 1972 (Steel and Torrie, 1981) .
Results
Effect of HNE on the motility of ram spermatozoa
The impact of HNE on ram sperm motility is demonstrated (Fig. 1) (Fig. 3a) . Both HNE concentrations reduced the duration of reactivation (P < 0.05). While addition of 500 pmol HNE 1~: decreased the initial percentage of sperm models reactivating (P < 0.05) in the initial experiment (Fig. 3a) , this effect was not apparent in the subsequent experiment (Fig. 3b) .
Duration of reactivation appears to be longer for control (Fig. 4) (P < 0.05; Fig. 5b (Fig. 7) . The amidase activity in cold shocked spermatozoa was Effect of HNE on the ability of ram spermatozoa to exclude eosin Ram spermatozoa (108ml_1; n = 3) were incubated for 1 h in the presence or absence of 400 pmol HNE 1 . The substantial decline in mean ( + SEM) sperm motility index over this period, from 65.6 + 2.5 to 8.3 + 3.1, was not accompanied by a decrease in the proportion of unstained spermatozoa. The mean proportions of unstained spermatozoa before and after incubation with HNE were 80.4 ± 1.6% and 83.7 ± 3.3%, respectively.
Discussion
The motility of both intact and demembranated ram spermato¬ zoa and of washed human spermatozoa was inhibited by (£)-4-hydroxy-2-nonenal in a dose-dependent manner. Oxidation of sulfhydryl (-SH) groups by HNE and related compounds has been demonstrated in microtubular protein (Gabriel et al, 1983 (Gabriel et al, , 1985 and low density lipoproteins (Jürgens et al, 1986) . HNE also binds the thiol groups of sulfur-bearing amino acids (Esterbauer et al, 1976) , which suggests that HNE inhibits sperm motility by reacting with the free sulfhydryl groups of the axonemal microtubules. The observation that motility loss was characterized by a steady decline in the vigour and velocity of motility throughout the population of spermatozoa, rather than abrupt cessation of movement by individual spermatozoa, is consistent with a steadily increasing inhibition of the axoneme. Further evidence for this hypothesis is provided by the observation that providing an alternative source of -SH groups (in this case reduced glutathione) reduces the severity of HNE-induced motility loss. HNE-induced chemiluminescence in hepatocytes depends on the quantity of HNE present exceeding that of glutathione, as the two compounds react in a 1:1 ratio (Cadenas et al, 1983) .
The presence of 1% serum albumin in the suspending medium (compare the effects of HNE on motility in Fig. 2 and Fig. la ) also appeared to provide some protection against HNE.
This may well be because the propensity of HNE for reacting with the thiol (Esterbauer et al, 1976) or amino (Jürgens et al, 1986) (Esterbauer et al, 1975) , and the high affinity of HNE for membrane lipids. Jones and Mann (1977a, b) (Roubal and Tappel, 1965; Wills, 1971) or HNE in a number of other tissues (Ferrali et al, 1980; Paradisi et al, 1985; Lame and Segall, 1987) Mann, 1973 Mann, , 1976 Mann, , 1977a Alvarez and Storey, 1984a; Fujihara and Koga, 1984; Slaweta et al, 1988) .
Hydroxyalkenals also produce a number of membrane related phenomena, including lysis of erythrocytes (Benedetti et al, 1977 (Benedetti et al, , 1979 Roders et al, 1978 
